Greece and Thessaly central Greece were examined for their efficiency to be used as industrial absorbents. The samples were characterized using X-Ray Diffraction, Thermo-Gravimetric and Fourier Transform Spectroscopy, Scanning Electron Microscopy and ICP-MS analytical methods. The absorption capability of the clayey samples in oil and water were also examined. The mineralogy of both samples is predominated by the presence of clay minerals and amorphous silica. The clay minerals prevailed in the Klidi (KL) bulk sample, with muscovite being the dominant phase, and kaolinite and chlorite occurring in minor amounts. In the Drimos (DR) bulk sample, vermiculite was the predominant clay phase. Smectite was not found in either sample, whereas detrital quartz and feldspars were present in significant amounts. The amorphous silica phase (opal-A) occurs mainly with the form of disck-shaped diatom frustules. The chemistry of the samples is characterized by the predominance of silica, alumina, and iron, whereas all the other major and the trace elements are in low concentrations. Both clayey diatomite rocks exhibited sufficiently good oil and water absorption capacity, ranging between 70 to 79% in the clay-rich sample KL and 64 to 70% in the opal-A-rich sample DR. Comparing the properties of the rocks studied with other commercial absorbents, it is concluded that they may find applications as absorbents in industrial uses.
Introduction
Generally speaking, the amorphous silica of biogenic origin is found in nature in the form of siliceous microfossils such as diatom frustules, radiolarian cells, silicoflagel-late skeletons and sponge spicules, which are commonly characterised as diatomite rock or diatomaceous earth [1] . Diatomite is a chalk-like, soft, friable, earthy, very finegrained, siliceous sedimentary rock, usually light in colour (white if pure, commonly buff to grey in situ, and rarely black) with low thermal conductivity and a rather high fusion point. Besides the amorphous silica (opal-A), diatomite rocks may also contain clay and carbonate minerals, quartz, feldspars and volcanic glass. Most of the silica content of the diatomaceous rocks is reactive, being amorphous, and hence these rocks are characterised as raw materials with significant pozzolanic properties, appropriate in cement additive applications [1, 2] .
Worldwide statistics on the usage of diatomite are generally unavailable. Some 1993 estimates however, suggest that the absorption applications represent 11% [3] . For more than 50 years, diatomite of lower purity has been used to absorb liquid spills. Both granules and powders of various grades are manufactured and may be calcined to increase hardness, improve durability after absorbing a fluid and reduce the tendency to produce dust [4] .
Clayey diatomite is currently used principally as adsorption and insulation materials, while carbonaceous diatomite is used mainly for the production of Clinker and the neutralization of acid-water drainage [5] [6] [7] .
Diatomite deposits of commercial grade have been located in marine and lacustrine deposits of Miocene and Pliocene age worldwide [8] . Although several diatomite deposits are located in Greece, their usage as adsorption materials has not been established thus far [9] . Two diatomite beds of a total 3 m thick occurring as intercalations in tuffaceous rock of Milos Island, Aegean Sea, Greece, are co-extracted with the tuffs and used as a cement additive by the Greek cement company TITAN S.A. The aim of the present study is therefore to examine the mineralogical composition and the absorption capacity of the raw materials originating from the Florina Basin (Amynteo area) and the DrimosSarantaporo Basin (Elasson area), in order to characterize them as industrial absorbents.
Geological settings
The Klidi area is part of a broader Neogene Basin in NW Macedonia (Greece). The basin extends from Monastiri (F.Y.R.O.M), in a NNW-SSE direction, up to the hills of Kozani through the cities of Florina, Amynteo and Ptolemais. The specific basin is almost 100 km long and 15 -20 km wide [10] . The Drimos-Sarantaporo Basin is of the same age and extends to the South of the aforementioned basin (Figure 1 ). Based on field measurements of several natural and artificial outcrops of both basins, the estimated reserves are more than 5 000 000 m 3 each. The basins are of Upper Miocene through Pliocene age and are developed above metamorphic rocks and ophiolites belonging to the Pelagonian Geotectonic Zone. Even though the Florina Basin hosts significant Upper Miocene lignite deposits, the Elasson-Sarantaporo Basin hosts only insignificant lignite seams of the same age [11] [12] [13] [14] [15] [16] [17] [18] [19] . The diatomaceous beds are mostly homogenous and occur as overburden of the lignite layers in both basins. Rare siltstone and sandstone beds are interbedded to the diatomaceous rocks. Fe-Ca phosphates such as anapaite and mitridatite (surface samples) and Fe-phosphates such as vivianite (borehole samples) occur in both basins in the form of organic material replacements [20, 21] .
Materials and methods
Two bulk samples of 100 kg each were collected from the Klidi-Florina (KL) and the Drimos Sarantaporo (DR) diatomaceous rocks, which represent a total thickness of 20 m of the clayey rocks. The samples were very finegrained and homogenous, having bluish and yellowish color respectively. The KL sample was extracted from the Klidi lignite mine, located SW of Amynteo village, whereas the DR sample was extracted from a technical outcrop NE of Elasson village. The mineralogical composition of the collected samples was determined by X-Ray Diffraction (XRD), Thermo- A Jeol-JSM-5600 SEM-EDS type of Scanning Electron Microscope was used in order to examine the minute structure of the biogenic silica, mostly diatom frustules, contained in the bulk samples.
Chemical analyses of the samples were carried out in ALS Chemex Laboratories at Saskatchewan, Canada. The major oxides were determined by lithium meta or tetra borate fusion and ICP-AES, while trace elements were analysed by HF-HNO 3 -HClO 4 acid digestion, HCl leach and a combination of ICP-MS and ICP-AES.
Oil and Water Adsorption were carried out following the British Standard method (BS-3483: part B7) for testing pigments for paints and the procedures used by the BGS, UK [22] and by LITHOS Laboratory (I.G.M.E. Athens). 2 kg of the bulk samples were prepared using the quartering method. Oil absorption was determined through the addition of linseed oil (specific gravity of 0.95) by burette drops to 100 g of sample, followed by rubbing with a palette knife, till a paste of smooth consistency was formed.
Results and discussion

Mineralogy of the Klidi-Florina region
X-Ray Diffraction (XRD) analysis
The clay minerals prevailed in the sample, with muscovite being the dominant phase, followed by kaolinite and chlorite ( Figure 2 ). Smectite was not found in the sample. Quartz was identified, feldspars and opal-A. Minor contribution of carbonates (dolomite) were also present (< 10%). Figure 2 ) the overlap of the kaolinite and chlorite peak (d_spacing=∼7.1 Å) is shown. In order to identify these two minerals (kaolinite and chlorite), the thermal behavior of the samples was examined ( Figure 3 ). The samples were heated up to 500°C for 2 hours, in a static oven, and cooled down at room temperature and examined by x-ray power diffraction. A decrease in the intensity of the characteristic diffraction peaks at dspacing=∼7.1 Å and d-spacing=∼3.52 Å, due to the collapse of kaolinite as shown in Figure 3 , clearly indicates the presence of kaolinite. No smectite was found in the studied samples, as its typical peak (100) should be shifted from d-spacing=∼14 Å to (d-spacing=∼17 Å) lower 2S after saturation with ethylene glycol (Figure 4 ). The mineralogical composition of the examined samples from Klidi-Florina region which was identified after being heated up to 1 100°C is shown in Table 1 .
Fourier Transform Infrared Specrtoscopy (FT-IR)
From the derived FT-IR spectra of representative samples ( Figure 5 ) from Florina, the following results are inferred:
• The ∼3 694 cm −1 strong band arises from the inphase symmetric stretching vibration of the OH groups, either outer or inner surface OH of the octahedral sheets, which form weak hydrogen bonds with the oxygens of the next tetrahedral layer [23] . On the other hand, the ∼3 612 cm −1 strong band is due to the stretching vibrations of the "inner OH groups", lying between the tetrahedral and the octahedral sheets [24] .
• The broad band, near 3 436 cm −1 , is due to H-O-H vibration of absorbed water.
• The band at ∼1 632 cm −1 is due to OH bending vibrations of adsorbed water in phylosilicate minerals as well as the H 2 O of opal-A.
• The ∼1 093 cm −1 band is attributed to the stretching vibration of Si-Oapical and the ∼1 039 cm • The ∼792 cm −1 band occurs because of the OH translational vibration [24, 25] .
• The bands at around ∼649, ∼529 cm −1 originate from Si-O-Al VI vibrations (Al in octahedral coordination), while the band at around 468 cm −1 is attributed to the Si-O-Si bending vibrations [24, 26] .
From the above mentioned results it is clear that the FT-IR spectra confirm the presence of muscovite, kaolinite and chlorite in all the studied samples from Florina.
TG and DTG analysis
The results of the thermal study of the samples examined after heating up to 1 200°C, at a rate of 10°min −1 confirm the presence of muscovite, kaolinite, and chlorite. From the TG and DTG curves of a representative sample (Figure 6) , we conclude that:
• In the temperature range from 25°C to 100°C, the weight loss due to absorbed water is 2.66%.
• The crystalline water contained in the opal-A is lost at about 120 degrees [27] . • In the temperature range from 400°C to 500°C, the rapid weight loss (4.32) is documented by the steep slope of the TG curve and a characteristic peak on the DTG curve, which extends up to the temperature of ∼600°C. This is attributed to the dehydroxylation of the kaolinite, (due to the loss of OH groups, surrounding the Al VI atoms) and the progressive transformation from the octahedral coordinated Al, in kaolinite, to a tetrahedral coordinated form, in metakaolinite, through the breaking of OH bonds [20] .
• The at ∼780°C and ∼1 000°C peaks on the DTG curve correspond to chlorite and muscovite respectively. 
Mineralogy of Drimos-Sarantaporo region
X-Ray Diffraction (XRD) analysis
In the bulk sample of this area, clay minerals prevailed as in the Florina sample, but vermiculite was present instead of chlorite. Opal-A is the dominant phase, followed by muscovite, kaolinite and vermiculite (Table 2 and Figure 7) . Detrital minerals such as quartz and feldspars were also reported. Carbonate minerals were not detected. The discrimination among vermiculite, chlorite and smectite, was succeeded by the study of the thermal behavior of the samples, as well as their behavior after saturation with ethylene glycol (Figure 8 and Figure 9 ). The samples were heated up to 500°C for 2 hours, in a static oven (Figure 8 ). Samples were then cooled at room temperature and examined by x-ray power diffraction. The absence of the typical peak at d-spacing=∼14 Å, in combination with its shifting from d-spacing=∼14 Å to d-spacing=∼16.3 Å of the glycolated sample, indicated the absence of chlorite and smectite and the presence of vermiculite [28] (Figure 9 ).
Fourier Transform Infrared Spectroscopy (FT-IR)
From the derived FT-IR spectra of representative samples ( Figure 10 ) from Drimos area, we inferred the following results:
• The ∼3 694 cm −1 strong band arises from the inphase symmetric stretching vibration of the OH groups, either outer or inner surface OH of the octahedral sheets, which form weak hydrogen bonds with the oxygens of the next tetrahedral layer [23] . On the other hand, the ∼3 616 cm −1 strong band is due to the stretching vibrations of the "inner OH groups", lying between the tetrahedral and the octahedral sheets [24] .
• The broad band, near 3 435 cm −1 , is due to H-O-H vibration of absorbed water.
• The band at ∼1 637 cm −1 is due to OH bending vibrations of adsorbed water in sheetsilicate minerals as well as the H 2 O of opal-A.
• The 1 093 cm −1 band is attributed to the stretching vibration of Si-Oapical and the 1 040 cm −1 band arises from the Si-O-Si vibration.
• The ∼792 cm −1 band occurs because of the OH translational vibration [24, 25] .
• The band at around 529 cm −1 originates from Si-OAl VI vibration (Al in octahedral co-ordination), while the band at around 470 cm −1 is attributed to the Si-O-Si bending vibrations [24, 26] . From all the above mentioned results it is clear that the FT-IR spectra confirm the presence of muscovite, kaolinite and vermiculite in all the studied samples from DrimosSarantaporo. The mineralogical composition of the Drimos-Sarantaporo samples heated at 500, 850 and 1 100°C is shown in Table 2. 
TG and DTG analysis
The results of the thermal study of the examined samples after being heating up to 1 200°C, at a rate of 10°C min −1 confirm the presence of kaolinite, muscovite and vermiculite. From the TG and DTG curves of a representative sample (Figure 11 ), we conclude that:
• In the temperature range from 25°C to 100°C, the weight loss due to absorbed water is 2.32%.
• The second dehydration step observed in the temperature range 100-300°C, corresponds to the release of water molecules, which were in the interlayer space of vermiculite [29] . Opal-A looses the crystalline water at the same range of temperatures [27] .
• In the temperature range from 400°C to 600°C, the rapid weight loss (2.26%) is documented by the steep slope of the TG curve, as well as the characteristic peak on the DTG curve. This is attributed to the dehydroxylation of the kaolinite, (due to the loss of OH groups, surrounding the Al VI atoms) and the progressive transformation from the octahedral coordinated Al, in kaolinite, to a tetrahedral coordinated form, in metakaolinite, through the breaking of OH bonds [26] . The dehydroxylation of the vermiculite is observed in the same temperature range. It is important to mention that chlorite and montmorillonite give peaks at higher temperatures. 
Scanning Electron Microscope analysis (SEM)
The SEM study of the diatomaceous rocks indicated that the diatom frustules were mostly well preserved, having disk or oblong shape and ranged in size from 5 to 30 μm ( Figure 12, Figure 13 ). The predominant shape of the diatoms in the DR clayey diatomite were that of disk shapes belonging to Cyclotella sp., while in KL clayey diatomite could be observed also as oblong frustules. Most diatom frustules retained their minute structure, indicating that silica diagenesis was not promoted within the specific deposits, probably due to low permeability of the clayey diatomite. 
Chemical analysis
The chemical analysis of the bulk samples is shown in Tables 3 and 4. Two grain-size fractions of both bulk samples were studied, one of less than 0.3 mm and another of 0.3-1.7 mm. The former was very fine in size, and is commonly a waste or recycled material, whereas the latter is commonly used for absorption applications in industrial scale. Silica, alumina and iron oxide were the main constituents of the samples. The SiO 2 content corresponded to silica polymorphs (quartz and opal-A) and aluminosilicate minerals, while Fe 2 O 3 to the amounts of chlorite and vermiculite present in Klidi-Florina and Drimos-Sarantaporo samples respectively. The trace element content of both samples was typical for clayey rocks and there was no heavy or base metal enrichment. The concentration of Cu and Zn were higher in the fine grained fractions (< 0.3 mm) which were richer in clay minerals. These enrichments could be attributed to the ability of clay fractions to absorb various metals ( Figure 14) . 
Oil and water absorption
The oil and water absorption test was carried out in the fine grained fractions (< 0.3 mm) of the examined samples and resulted in good absorption capacity of both KL and DR bulk samples ( Figure 14 ). Tests were performed in a raw state and also on heated samples at temperatures of 400°C, 670°C and 800°C. Sintering of both materials occurred at about 1 100°C. In detail, there seemed to be an increase in the absorption capability in the heated materials compared with the raw ones. From the diagram in Figure 14 , it is clear that the absorption capacity is either stabilized, or decreased in the range of temperatures between 670°C and 800°C for the examined samples of both Klidi-Florina and Drimos-Sarantaporo areas. The above mentioned stabilization presented in both oil and water treatment is attributed to the early and partial vitrification of the material. In all temperatures and grain-size fractions, the Florina samples in which clay minerals predominate, have slightly better absorption capacity than that of Sarantaporo, in which opal-A predominates. It could be concluded that the specific clay minerals mixture of the studied ar-eas have higher absorption capacity than the biogenic due to (probably particle size distribution, grain size, shape, crystal/mineral structure). The oil and water absorption capacity of the samples studied were compared to that of already examined materials ( Figure 15 ). As far as the oil absorption capacity was concerned, both the KL and the DR samples showed comparable values to that of diatomite and bentonite ''Jordan" whereas they had higher absorption capacity than the specific kaolinite and lower than the palygorskite-rich samples of Greece ( Figure 15 ). The water absorption capacity of the samples studied showed higher values than kaolinite and lower values than that of bentonite and palygorskite ( Figure 15 ). 
Conclusions
The evaluation of raw and thermally treated clayey diatomite bulk samples from northwest and central Greece, by means of XRD, TG/DTG, FTIR spectroscopy, and SEM; as well as Oil and Water absorption capability, concluded that:
• The mineralogy of Florina and Drimos-Sarantaporo clayey diatomite bulk samples is dominated by the presence of clay minerals and opal-A of biogenic origin. Concerning the clay minerals, muscovite is the dominant phase in Florina sample, followed by kaolinite and chlorite. Minerals of the montmorillonite group were not identified. Opal-A is mostly represented by well preserved diatom frustules. In addition, quartz and feldspars of detrital origin are significant components of the sample. In the Drimos-Sarantaporo sample, muscovite is the predominant clay mineral phase, whereas kaolinite and vermiculite are also significant clay mineral phases. Minerals of the montmorillonite group were not identified. Opal-A is also represented by diatom frustules, and the detrital minerals phases by quartz and feldspars.
• The diatom frustules idnetified in the bulk samples of both areas constitute a significant portion of the clayey rock and hence, play an important role in the absorption capability of the samples studied.
• The measurement of Oil and Water Absorption capacity of the studied samples, range from 70 to 79% and 64 to 70% for Florina and Drimos-Sarantaporo samples respectively. The dominance of clay minerals in the Florina sample compared with that of the Drimos-Sarantaporo sample could be related to the higher absorption capacity of the Florina sample, indicating that the clay minerals of the studied samples have higher absorption capacity than that of the diatom frustules that dominate in the DrimosSarantaporo sample.
• The given measurements indicate that the examined clayey diatomite bulk samples are appropriate for use as absorption materials in an industrial scale. As presented from literature data [33] , currently used industrial absorbents have an efficiency to absorb up to 60-70% of their weight in liquid, hence the samples studied are capable for such applications. In addition, taking into account that the total market for industrial spillage absorbents in Europe is around 120 000 to 150 000 tpa, with diatomite being the biggest volume absorbent [33] , the tested clayey diatomite have significant industrial potential.
